In order to understand how carbon storage and allocation patterns vary among plantation types, we estimated carbon allocation between above-and below-ground compartments in four subtropical plantations and a naturally recovered shrubland (as a control). Results indicated that the carbon storage and allocation pattern varied greatly among forest types and was highly dependent on specific traits of trees and understory vegetation. The fast-growing species, such as Eucalyptus urophylla, accumulated more carbon in plant biomass. The biomass carbon was about 1.9-and 2.2-times greater than the 10-species mixed plantation and Castanopsis hystrix plantations, respectively. Meanwhile, the plantations sequestered 1.5-to 3-times more carbon in biomass than naturally recovered shrubland. The carbon allocation pattern between above-and below-ground compartments also varied with plantation type and stand age. The ratio of tree root carbon to tree aboveground carbon decreased with stand age for Eucalyptus urophylla and the 10-species mixed plantation. In contrast, the ratio increased for Acacia crassicarpa. Our data suggested that planting the fast-growing species in the degraded land of subtropical China was an effective choice in terms of carbon sequestration. The information about
This study aimed to assess how the carbon storage and allocation varied with the five vegetation types (EU, AC, CH, MX and NS) in southern China. We used inventory data to estimate carbon stocks in above-and below-ground compartments, including trees, shrubs, herbs, forest floors and roots. We attempted to test the following hypotheses: (1) plantations of fast-growing exotic species accumulate more carbon in the plant biomass than those of native species; (2) plantations sequester more carbon in the plant biomass than the naturally recovered shrubland; and (3) carbon allocation patterns change with tree species and stand age.
Methods

Study Area
This study was conducted at the Heshan National Field Research Station of Forest Ecosystem (112°50′ E, 22°34′ N), Guangdong Province, China. This region has a typical subtropical monsoon climate with a distinct wet (from April to September) and dry season (from October to March) [20] . The mean annual precipitation is 1688 mm, and the mean annual temperature is 22.3 °C from 2005 to 2012. The soil is classified as an Ultisol developed from sandstone [21] . In 2005, a Pinus massoniana monoculture with an area of 50 ha was cut, and the residues were burned. Four types of tree plantations and an unplanted control were established after the burning without soil ripping. Each treatment had three replicated plots (total 15 plots), and the area of each plot was about 1 ha. All plots were randomly distributed in the 50-ha study area [20] . All plantations were planted with a spacing of 2 m × 3 m (about 1650 trees per hectare). Understory vegetation was highly dominated by Diranopteris dichotoma, and other common understory herbaceous species included: Blechnum orientale and Miscanthus sinensis and shrubs, such as Rhodomyrtus tomentosa, Melastoma candidum, Gardenia jasminoides and Ilex asprella var. asprella. We measured the height of each plant, tree DBH (diameter at breast height) and the basal diameter of all shrubs at each inventory. Each plant with a diameter at breast height (DBH) of more than 1 cm was marked and numbered in 2011. We selected 5 to 12 standard trees with different DBH classes for each key species. The DBH classes were categorized by every 4 cm. In each DBH class, the number of standard trees was decided according to the proportion of the numbers of plant at the same DBH class in all plants. The aboveground materials of the trees were sorted into stems, branches and leaves. The roots of sampled trees from 0-60 cm were dug out and examined. Fresh weight for each component of the sample tree was measured separately on site. Then, we randomly selected some representative stems, branches, leaves and roots, and they were taken back to the laboratory and oven-dried at 75 °C to constant weight after recording their fresh weight in the field. Subsequently, the water content for each component was determined. The dry weight for each component was calculated according to the total fresh weight of the corresponding component and its water content.
Field Inventory
Biomass Inventory of Trees and Shrubs
Based on the measurements for standard trees, we estimated the dry weight of biomass for each plantation by allometric regression equations for trees and shrubs.
where a and b are statistic parameters and D and H are the DBH (cm) and height (m), respectively. The equations and summary statistics are in Table 1 . Table 1 . Allometric regression equations and the statistics. Cassia tora y = 0.0267x 1.3075 0.9649 y = 0.0117x Note: In regression equations, the x stands for the square of the diameter at breast height (cm) multiplied by the plant height (m). When the diameter at breast height is less than 1 cm and the height is less than 1.5 m, the diameter at breast height is replaced as the basal diameter.
Aboveground biomass refers to the sum of the dry weight of stems, branches and leaves; belowground biomass refers to dry root weight; and the total carbon storage refers to the sum of tree total carbon storage, shrub total carbon storage, herb total carbon storage and forest floor carbon storage in this study. The bark was not removed from stems or branches, and all branches were included in aboveground biomass.
Measurements of Herbaceous Biomass and Forest Floor Mass
Measurements of herbaceous biomass and forest floor mass were carried out in the 6th year. In order to avoid destroying the quadrats, we randomly selected three typical 1 m × 1 m sub-plots just outside of the quadrat and harvested all above-and below-ground biomass and forest floor mass (n = 9 sub-plots for each plantation). All samples of herbs and the forest floor were taken back to the laboratory and oven-dried at 65 °C to constant weight for biomass estimation. Samples of the above-and below-ground components were ground and sieved in the laboratory for subsequent physiochemical analysis.
Measurement of Soil Carbon Content
Surface soil samples were collected at the same time in the 6th year. The soils were sampled with a corer (3.0 cm in diameter) at 0-10 cm depths from five randomly selected locations in each plot. Five cores of the same depth from each plot were combined to form one composite sample. Three composite soil samples per quadrat were taken for the same depth. Plant residues and roots were removed. Soils were then sieved with a 2-mm sieve and taken back to the laboratory for physicochemical analysis. Soil organic carbon was determined with the traditional potassium dichromate oxidation method [22] .
Calculation of Carbon Stocks
To convert biomass to carbon storage, we assumed a constant carbon content of 50% for trees and shrubs [23] . Carbon contents in herbs and the forest floor were analyzed by the traditional potassium dichromate oxidation method [22] . We determined the carbon storages in vegetation by multiplying carbon content with dry biomass amount.
Statistical Analysis
The tree total carbon storage and shrub total carbon storage were analyzed by repeated measure ANOVA with plantation types as the between-subjects factor and stand age as the within-subject factor, followed by one-way ANOVAs analyses at the same stand age. One-way ANOVAs were used to compare the effects of plantation types on herb total carbon storage, total aboveground carbon of living plant, total root carbon of living plant, forest floor carbon storage, total carbon storage, proportion of total living plant carbon storage and soil properties (e.g., pH, soil organic carbon (SOC), total nitrogen (TN) and C:N ratio). Data were reciprocally or square-root transformed when required to meet the assumptions of normality and the homogeneity of variance. Multiple comparison analyses (LSD) were used after one-way ANOVAs. Statistical significance was determined at p < 0.05. All analyses were performed with SPSS software (SPSS. Inc, Chicago, IL, USA).
Results
Carbon Storage of Trees
The total carbon storage in tree biomass at the studied plantations increased linearly with increasing stand age (Figure 1a ). The mean carbon sequestration rate for EU, AC, CH and MX were 5.52, 5.74, 2.32 and 2.34 Mg·ha −1 ·yr −1 from the first year to the sixth year, respectively. The total carbon storage in tree biomass in NS, which was mainly composed of natural regenerated trees, was significantly lower than those in other plantations (repeated measure ANOVA, plantation types: p < 0.001). The fast-growing tree species Eucalyptus urophylla and Acacia crassicarpa plantations accumulated more carbon in their biomass than other plantations of the same age. Castanopsis hystrix and the mixed plantation of 10 species accumulated carbon in tree biomass at a similar level (p > 0.05). There was no significant difference between EU and AC in tree carbon storage with, an exception during the first year. The discrepancy of carbon storage among plantations decreased as the stand age increased. The carbon storage in EU was about 1.2-, 6.4-and 5.8-times that of AC, CH and MX in the three-year-old stand, but it decreased to 1.1-, 2.8-and 2.7-times in the six-year-old stand, respectively. Likewise, the carbon storage in AC was about 5.3-and 4.8-times greater than in CH and MX in the three-year-old stand, but it decreased to 2.5-and 2.5-times in the six-year-old stand, respectively. The carbon allocation between the above-and below-ground components varied with plantation type (Figure 1b) . For EU and MX, the ratio of tree root carbon to tree aboveground carbon decreased with increasing stand age. However, the ratio of tree root carbon to tree aboveground carbon increased with increasing stand age for AC, and the ratio increased at the beginning, but then decreased for CH. Values are the means + SE, n = 3. Repeated measure ANOVAs were used for tree total carbon storage. One-way ANOVAs were used for plantation types at a given year. Different lowercase letters indicated significant differences among plantations at the p = 0.05 level.
Carbon Storage of Shrubs
The shrub total carbon storage ranged from 0.19 Mg·ha −1 in one-year-old CH plantation to 1.03 Mg·ha −1 in four-year-old MX plantation (Figure 2a ). There was no obvious difference in the carbon storage of shrubs between NS and the plantations at the same stand age. Overall, the shrubs' total carbon storage in CH plantation was lower than that in other plantations of the same age, although the differences were not statistically significant (p > 0.05). The shrub total carbon storage was the lowest in one-year-old plantations, but this was only significant for CH and MX (p < 0.05). No significant differences in shrub total carbon storage were found among 3-, 4-and 6-year-old plantations with different species compositions. Figure 2 . (a) Understory shrub carbon storage and allocation along a reforestation chronosequence (1 y; 3 y; 4 y; 6 y) among plantation types; (b) Understory herb carbon storage and allocation at 6 y among plantation types. Note: SAC, SRC, HAC and HRC stand for shrub aboveground carbon, shrub root carbon, herb aboveground carbon and herb root carbon. Values are means + SE, n = 3. Repeated measure ANOVAs were used for shrub total carbon storage. One-way ANOVAs were used for herb total carbon storage. Different lowercase letters indicate significant differences of herb total carbon storage among plantations at the p = 0.05 level. See Figure 1 for the abbreviations.
Carbon Storage of Herbs
The total carbon storage of herbs for all plantations was only measured in the six-year-old stand. Significant differences in total carbon storage of herbs were observed among vegetation types (p < 0.05) (Figure 2b ). These differences mainly resulted from the differences in herb aboveground carbon (HAC) among vegetation types. The carbon storage of herbs in NS (12.8 Mg·ha −1 ) was higher than that in all plantations. On the other hand, the carbon storage of herbs in MX (9.9 Mg ha −1 ) was higher than that in all monoculture plantations of EU (7.5 Mg·ha −1 ), AC (5.9 Mg·ha −1 ) and CH (7.0 Mg·ha −1 ).
Carbon Storage of Forest Floor Mass
The carbon storage of the forest floor was measured in the six-year-old stand. Significant differences (p < 0.05) in carbon storage of forest floor mass were found among plantation types ( Table 2 ). The carbon storage of the forest floor in NS (1.5 Mg·ha Note: See Figure 1 for the abbreviations.
Carbon Storage and Allocation in Six-Year-Old Plantations
The total carbon storage of total living plant carbon plus forest floor carbon (FFC) was significantly different among plantation types at six years of age ( there were no significant difference in total carbon storage between EU and AC, neither among CH, MX and NS. The observed differences in total carbon storage mainly resulted from the variation in aboveground total plant biomass carbon among vegetation types. The contributions of shrubs and herbs to plant carbon storage at the plantation sites varied from 18.66% in AC to 46.58% in MX (Figure 3 ). The carbon allocation to trees and herbs was significantly different among plantations (Figure 3 ; p < 0.01). The percentage of carbon allocated to trees was highest in EU, and it was higher in AC and CH than in MX and NS. However, the ratio of plant root carbon to plant aboveground carbon storage was not significantly different among plantations (p > 0.05), and it ranged from 0.19 to 0.25. Table 3 shows the soil physical and chemical properties at the first 10 cm of the soil layer in the six-year-old stand age at the study site. There was no significant difference among plantations for measured soil properties (Table 3) . Note: SOC, soil organic carbon (g kg −1 dry soil); TN, soil total nitrogen (g·kg −1 dry soil); C:N, the ratio of total soil organic carbon to total nitrogen. Different lowercase letters indicated significant differences among plantations at the p = 0.05 level. See Figure 1 for the abbreviations.
Discussion
Variation of Total Carbon Storage Induced by Tree Traits among Vegetation Types
In the present study, the total carbon storage in plantations was higher than naturally recovered vegetation (NS), and this difference mainly resulted from carbon storage in the tree layer. EU and AC sequestrated more carbon in tree biomass than CH and MX, which was mainly induced by tree traits, such as higher maximum net photosynthetic rate (Pmax) per unit forest land area (Pmax multiply by leaf area index). The Pmax per unit forest land area of EU, AC, CH and MX was 31.8, 36.9, 16.0 and 21.9 μmol·m −2 s −1 , respectively [24, 25] . It was also reported that EU and AC have the characteristics of high biomass accumulation and high carbon storage capacity [26] , and CH and MX have the characteristics of slow growth at the early stage, but fast growth between seven years old and 12 years old [27] . The plant total carbon storage of naturally recovered shrubland (NS) was lowest among the other plantations in the present study, although there was no obvious difference among CH, MX and NS. Plantations established on degraded tropical sites can greatly accelerate more carbon sequestration in biomass than the naturally recovered shrubland, especially fast-growing tree species. Therefore, fast-growing tree species, such as EU and AC, are selected preferentially for quick restoration.
Substantial Contribution of Understory Plants to Total Carbon Storage in Plantations
Understory herbs and shrubs are important components of subtropical forest ecosystems, which play an important role in maintaining soil nutrients and decomposer organisms [28, 29] . Meanwhile, there is a great potential for understory plants in terms of carbon sequestration [30] . Wan [31] pointed out that understory plants could contribute about 20% of carbon sequestration in eucalyptus plantations. Yang et al. [32] also reported that the contribution of understory plants varied with plantation types. However, in the present study, there was no difference in the carbon storage of shrubs between the vegetation types. The carbon storage of herbs was only measured in six-year-old plantations, which showed that MX accumulated significantly more carbon than monoculture plantations, EU, AC or CH. We found that the contribution of the sum of shrubs and herbs to total carbon storage of AC and MX was 18.7% and 46.6%, which was greater than that reported in other studies [33, 34] . The greater contribution of understory vegetation to total carbon storage was mainly attributed to higher resource availability, such as light under younger plantations. Previous studies from the same site demonstrated that understory plants also functioned as a facilitator of the overstory trees [35] . Therefore, understory plants play an important role as a carbon sink and key functional group, especially in subtropical plantations at the early stage.
The Carbon Allocation Pattern Determined by Aboveground Plant Biomass
The proportion of different compartments to total plant carbon storage was influenced by tree traits. In the present study, the proportions of carbon allocated to tree biomass of EU and AC were higher than those of CH and MX, but the proportion to herbal biomass of NS was the highest of the other plantations. The root carbon storage was only 16%~20% of total plant carbon storage. Therefore, at the early stage, the carbon allocation to each compartment was controlled by tree species traits to a large extent.
The amount of carbon allocation to above-and below-ground compartment varied with tree species [36, 37] . As indicated by our data, the carbon allocations of aboveground and belowground in trees were different among plantation types and changed with stand age. We postulated two possible causes for such difference in the carbon storage pattern among species. First, plant physiological characteristics, such as photosynthetic capacity and light use efficiency, vary with plant age [38] . In the present study, the ratio of root carbon of trees to aboveground biomass carbon of trees (RCT/ACT) decreased with increasing stand age for EU and MX. This result was consistent with Xue [39] . The value of the ratio also fell within the ranges reported by Genet et al. [40] . However, this ratio increased with the stand age for AC. The ratio for CH was similar to that reported in the previous studies [41] , which increased at the beginning, but decreased later with plant age. Second, belowground competition for nutrients varied with plant age [42] . For example, the fertilization of potassium (K) and sodium (Na) changed the fraction of carbon allocated belowground [43] . At different stand ages, the nutrient requirements of different tree species were different. It was reported that soil nutrient supply was affected by tree species and specific functional traits [44] . The difference in soil moisture or soil nutrient status (Table 3) might have caused the different carbon allocation to the tree compartment [45] .
Overall, all three hypotheses we proposed were supported by our results, namely: plantations of fast-growing, exotic species accumulate more carbon than those of native species; plantations sequester more carbon in the plant biomass than naturally recovered vegetation; and carbon allocation patterns change with tree species and stand age. The Eucalyptus industry may potentially facilitate ecological services, such as carbon sequestration, as well as improving the economy.
Conclusions
Our data demonstrated that total carbon storage increased in plantations compared to naturally recovered shrubland. Plantations with fast-growing tree species, such as EU and AC, had larger carbon storages than other plantation types, indicating that EU and AC would be appropriate plantation species for increasing carbon sequestration in the southern subtropical region in China, where the soil is highly weathered. The understory showed a great contribution to plant carbon storage, illustrating that herbs and shrubs should be considered when estimating the carbon sequestration capability in subtropical plantation ecosystems. Meanwhile, the carbon allocation patterns of above-and below-ground were mainly influenced by tree species traits. Our findings have important implications for the tree species selection of reforestation in terms of carbon sequestration and are valuable for decision making in sustainable forest management.
